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ABSTRACT: We present an original approach for preparing
silica-based nanocomposites containing Prussian blue-type nano-
particles via click chemistry. Click reaction is used to prepare a
triazole-copper complex in a single step; this complex is
subsequently used to anchor copper hexacyanoferrate nano-
particles within a porous silica matrix (porous glass pearls or SBA-
15). This CuAAC “click reaction” was performed using a
relatively large copper concentration for two reasons: First, the
Cu catalyzes the triazole ring formation, then the ring acts as a
chelator, immobilizing the copper inside the silica matrix.

Successively adding hexacyanoferrate precursors that coordinate with the copper ions at the triazole sites led to efficient and
selective nanocomposite formation; this material was developed to mitigate Cs" ion contamination. The efficiency of these as-
prepared nanocomposites and their selectivity for Cs* from different effluents, such as pure water, seawater, and radioactive
seawater (simulating the Fukushima site), were evaluated using sorption experiments. These immobilized nanocomposites
present a high Cs* selectivity while demonstrating a Ky value above that of the bulk material.

KEYWORDS:

1. INTRODUCTION

“Click chemistry” was developed by Sharpless et al. in 2001"
and is a modular, efficient, and selective route toward high-yield
syntheses with little byproduct generation. Intense research has
extended click chemistry to include well-known processes, such
as the thiol—ene reaction (the addition of an S—H bond across
a double bond), oximation (the conversion reaction into an
oxime), and Diels—Alder-type reactions (C—C bond formation
or cycloaddition). Copper-catalyzed azide—alkyne cycloaddi-
tion (CuAAC) (proposed independently by Meldal® and
Sharpless®) is among the most developed members of this
group. The CuAAC reaction is a powerful tool for covalently
binding two appropriate organic molecules to create 1,4-
disubstituted 1,2,3-triazoles. This approach has promising
applications in various fields, such as drug discovery, dendrimer
synthesis, surface modification,* and polymer science.> More
recently, CuAAC has been used to functionalize mesostruc-
tured silica, offering a simple method for introducing numerous
organic functionalities onto/ inside hybrld silica pores to
generate hybrid materials.® Moreover, “click” reactions have
also been used to immobilize metal complexes inside silica
pores.” However, despite the ligand-forming ability of CuAAC,
reports of porous materials functionalized using 1,2,3-triazole-
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based metal complexes are surprisingly scarce. To the best of
our knowledge, only one study has reported the synthesis of a
grafted triazole-pyridine Pd complex on silica and its use in
catalysis.® However, this approach has never been used for
anchoring transition metal complexes inside the pores of
mesostructured silica or silica-based materials in the aim to
preparing nanocomposites based on Prussian blue-type nano-
particles employed for decontamination applications.
Cyano-bridged coordination polymers K,M,[Fe(CN);]

(where M = bivalent transition metal ions) also called Prussian
blue analogues (PBAs) are among the best inorganic ionic
exchange materials for selective removing radioactive cesium
ion from contaminated water, including saline solutions, over a
wide pH range.” These materials can selectively remove cesium
ions from solution via insertion into the tetrahedral sites of the
three-dimensional cyanometallates and/or via monovalent
cationic exchange.'® Because of the high surface-to-volume
atomic ratio, nanoscale PBAs exhibit a higher sorption capacity
than their bulk counterparts.'' Consequently, several composite
materials containing PBA nanoparticles or cyano-bridged
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Scheme 1. Preparation of a Nanocomposite Based on Prussian Blue-type Nanoparticles Inserted into a Silica or Glass Matrix
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bimetallic complexes inside different matrixes have recently
been developed. They not only adsorb cesium ions more
efficiently but also avoid the drawbacks associated with using
PBAs in their bulk form. Most of these composites utilize silica
supports and are obtained by successive impregnation of silica
with PBAs precipitates> or polymeric layer."> However, the
poor reproducibility and inability to control the composition of
these materials remain major problems with these approaches.
In addition, the PBA particles are weakly linked to the silica
support, which could lead to their partial leaching during the
cesium extraction process. Therefore, PBA-based dinuclear
complexes have been covalently grafted onto sulfide- or
ethylene diamine-modified silica to improve the Cs™ sorption
capacity."*'® In this line of thought, some of us recently
reported size-controlled (3—6 nm) cyano-bridged coordination
polymeric nanoparticles covalently grafted onto pyridine-
modified silica or porous glass.''*'” These nanocomposites
are promising, efficient, and selective Cs" sorbents in pure and
saline water allowing for a column decontamination process.
However, these materials were designed using ligands that are
either expensive or difficult to prepare, hindering the
industrialization of this process. In this Article, we report a
new, simple synthetic route toward silica- and glass pearl-based
nanocomposites using PBA nanoparticles covalently bonded
inside the pores for use in Cs* extraction via columns process.
The dual-functional click-generated triazole system acts as an
immobilizer in the porous matrix and a metal chelator for the
Cu’*-triazole complex; these structures serve as an anchoring
point for forming PBA nanoparticles. Two types of porous silica
supports, glass pearls for use in flow experiments and ordered
mesoporous silica as a model support, are employed as the
matrixes for growing the PBA nanoparticles. The nano-
composites’ ability to remove the radioactive cesium from
both waste- and seawater is subsequently examined.

2. EXPERIMENTAL SECTION

2.1. Characterization Methods. Solid-state FT-IR spectra were
obtained using an ATR crystal or KBr pellets on a Perkin-Elmer 100
spectrometer at 4 cm™" resolution.

The 'H, *C, and ¥Si NMR spectra were obtained with a Bruker
400 ultrashield VS spectrometer using deuterated chloroform as the
solvent and internal standard. The chemical shifts are reported in parts
per million (ppm). The *C and *Si CP MAS NMR spectra were
recorded on a Bruker 400 ultrashield VS spectrometer with a 12-kHz
MAS spinning rate (the typical contact time was 2—3 ms, and the
typical recycle delay was 5—30 s) and Bruker MAS probes (4 mm
rotors).

The carbon analysis was performed with a LECO CS-230 carbon/
sulfur analyzer. Combustion of the 10-mg samples was carried out
under oxygen in an induction oven to create carbon dioxide gas that
was analyzed using an infrared solid detector.
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Thermal analysis was performed with a Setaram instrument under
flowing air heated at 5 °C/min.

Powder X-ray diffraction patterns were obtained with a Bruker D8
advanced diffractometer in a Bragg—Brentano geometry using Ni-
filtered Cu Ka radiation. The crystallite sizes (L) were estimated from
the line broadening in the XRD peaks using the Scherrer formula in
which 1 is the wavelength of the X-rays, f is the full-width at half-

maximum height, and @ is the diffraction angle.

0942
p-cos 6

(1)

Transmission electron microscopy (TEM) was carried out at 200 kV
on a JEOL 200CX microscope.

The cesium concentrations were measured using ion chromatog-
raphy (Dionex). The solutions were injected onto a column with a 30
°C mobile phase. The Cs species were retained on the stationary phase
and eluted after 30 min as determined via conductivity.

2.2. Synthesis. Commercially available glass Vycor pearls were the
first supports tested and ranged in size from 200 to 500 um with 28
nm pores (as determined using the Barrett—Joyner—Halenda (BJH)
method) and a 113 m?/g specific surface (as determined using the
Brunauer—Emmett—Teller (BET) method). The second support was
ordered mesoporous silica SBA, which was synthesized as previously
reported.'® The pore size of 9.4 nm and specific surface of 540 m*/g
were determined using the BJH and BET methods, respectively. These
results corresponded to a 144 mz/g microporous surface (pore size
below 2 nm) and a 396 m?/ g mesoporous surface as determined using
a t-plot.

The anhydrous solvents were purchased from Acros Organics. The
3-chlorotriethoxypropylsilane, sodium azide, ascorbic acid, copper
sulfate, propargyl alcohol, copper(Il) tetrafluoroborate, potassium
hexacyanoferrate (K;Fe(CN)g), and tetrabutylammonium perchlorate
[N(C,H,),]ClO, were purchased from Aldrich and used as received;
the (N(C,H,),);(Fe(CN);) was obtained by reacting K;Fe(CN)4 with
[N(C,H,),]ClO, in methanol as previously described."

The syntheses of the molecular precursor and all other materials
were carried out under nitrogen using vacuum-line and Schlenk
techniques.

Synthesis of 3-Azidopropyltriethoxysilane (AzPTES). The 3-
azidopropyltriethoxysilane was prepared according the literature.”
To a solution of tetrabutylammonium bromide (3.2 g, 10 mmol) and
sodium azide (10 g, 154 mmol) in dry acetonitrile (150 mL) was
added 3-chloropropyltriethoxysilane (10 mL, 42 mmol). The
heterogeneous mixture was then heated to 90 °C under an inert
atmosphere for 18 h. The solvent was removed via distillation under
reduced pressure, and the residue was washed with pentane.

The mixture was filtered through Celite under argon, and the
solvent was removed via distillation under vacuum. The 3-
azidopropyltriethoxysilane (AzPTES) was obtained as a colorless oil
(62 g 60%).

'H NMR (CDCL): & (ppm) = 3.75 (q, J = 7.0 Hz, 6 H;
CH,CH,0), 320 (t, ] = 7.0 Hz, 2H; CH,N;), 1.64 (m, 2H;
SiCH,CH,), 1.16 (t, ] = 7.0 Hz, 9H, CH,CH,0), 0.61 (m, 2H;
SiCH,). ®C NMR (CDCl;) § (ppm): 584 (CH,CH,0O), 53.8
(CH,N,), 22.6 (SiCH,CH,), 18.2 (CH,;CH,0), 7.6 (SiCH,). »Si
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NMR (CDCly): 6 (ppm) = —46.3. IR (ATR crystal): v (cm™) 2095
(_N3 vas)'

Cu-Triazole Complex Formation Inside Porous Matrixes. The
precursor quantities used during the following reactions were
determined on the basis of the theoretical amount of silanol at the
porous surface (6 silanol per nm**°) linking the specific surface area to
the stoichiometry. The AzPTES was present in 1 mol equiv relative to
the theoretical quantity of silanol on the surface of the support
(estimated at 1.13 and 5.4 mmol/ g for the porous glass and SBA-15
matrix, respectively). The synthesis of the azido-functionalized
composite (azide-functionalized porous glass pearls (GP-N3) or
mesostructured silica (SBA-N3)) occurred after grafting the 3-
azidopropyltriethoxysilane onto the glass pearls or porous silica
SBA1S (see Scheme 1, step 1).

A mixture of the 3-azidopropyltriethoxysilane (1.02 g) and porous
glass (3.7 g) (or 0.77 g of SBA1S) in 100 mL of dry toluene was
refluxed (115 °C) under an Ar atmosphere for 24 h. After being
cooled, the solid product was filtered and washed with ether.

The cycloaddition of the azido-silica with the propargyl alcohol was
performed in the presence of ascorbic acid with a copper sulfate
catalyst (see Scheme 1, step 2).

A stoichiometric excess of copper instead of the typical catalytic
quantity was used during the CuAAC reaction to ensure that the
triazole-copper complex formed in the porous material. The azide-
functionalized material (GP-N3 or SBA-N3) reacted with 2.5 equiv of
propargyl alcohol in a 1:1 water/ethanol mixture containing copper
sulfate (2 equiv) and ascorbic acid (S equiv) in a typical click
procedure.

Five grams of GP-N3 (or 1.22 g of SBA-N3) was added to absolute
ethanol with 0.125 g of propargyl alcohol. The copper sulfate (0.43 g)
and ascorbic acid (0.77 g) were diluted in ultrapure water and
subsequently mixed with the azide in 50% aqueous ethanol over 24 h.

The solid product (GP-triazole or SBA-triazole) was filtered and
washed thoroughly with ethanol and acetone.

Synthesis of the Nanocomposites. The Cu®*/[Fe(CN)¢]*~
nanoparticles were grown inside the grafted glass or SBA support as
described in the literature*" (see Scheme 1, step 3). The GP-triazole or
SBA-triazole was treated five times consecutively with a methanolic
Cu(TBF,), solution followed by a methanolic [N(C,H,),];[Fe(CN);]
solution. At each step, the as-obtained powders were thoroughly
washed with methanol. After the fifth step, the solid products (GP-
CuFC and SBA-CuFC) were dried overnight in air. The elemental
analyses of the nanocomposites are given in Supporting Information
Table SI.

2.3. Cesium Sorption Experiments. The Cs sorption experi-
ments were conducted in three different environments: pure water,
saline (seawater), and saline with radioactive Cs to simulate the
effluents from the Fukushima site. The saline (seawater) solution was
analyzed using ICP-MS yielding the following composition: Na (9.6 g/
L), Mg (1.28 g/L), Ca (0.4 g/L), K (0.5 g/L), and Sr (0.008 g/L) as
chloride salts. Equilibrium studies were performed prior to the
isotherm adsorption experiments. The adsorption isotherms were
plotted from the data obtained at equilibrium. Each Cs* extraction
experiment was performed with a batch solution under shaking at
room temperature.

The distribution coefficient (K; (mL/g)) was calculated using the
following eq 2 in which C; is the initial concentration of the metal ion
in solution, C; is the residual metal ion concentration, and V/M is the
solution volume to solid-mass ratio (V = volume of the treated
solution and m = mass of the nanocomposite used):

(C - q)(z)

K, =
d Cf

m

)

The cation uptake capacity Q (mmol/g) of the samples was calculated
using eq 3:

Q= (Ci - Cf)% (3)
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Sorption in Pure Water and Saline. In a typical experiment, 10 mg
of the nanocomposite was shaken in 20 mL of a 1 mmol/L CsNO3
solution in deionized or saline water for 24 h at which, according to
the literature, equilibrium was reached.® The liquid phase was filtered
through a 0.2-um cellulose acetate membrane. The concentration of
Cs remaining in the liquid phase was determined using ion
chromatography.

Sorption in Radioactive Saline Water. A radioactive solution (1 L)
was prepared from seawater and radioactive '*’Cs. Subsequently, 100
mL of '¥Cs-enriched seawater (29 kBq/L, corresponding to 6.7 X
107® mmol/L) was shaken with 50 mg of the nanocomposite pearls for
24 h. Afterward, the solution was filtered and analyzed via gamma
spectrometry.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Nanocomposites and Their Chem-
ical, Structural, and Morphological Characteristics. The
nanocomposites for a selective cesium ion extraction were
prepared using a three-step methodology involving a click
chemistry process (Scheme 1): (i) a clickable group (N;—) was
introduced onto porous matrixes by covalently grafting the
azide; (ii) the click chemistry reaction inside the porous
matrixes formed Cu*'-triazole complexes grafted into the pores;
and (iii) PBA nanoparticles were grown inside the matrix. This
approach was used to prepare two types of nanocomposites
using either mesoporous silica SBA 15 or porous glass pearls.

In the first step, azidopropyltriethoxysilane (AzPTES) was
chosen as the clickable organosilane *b73 and was used to
modify the matrix surfaces. The AzPTES was obtained by
displacing the chloride from commercially available 3-
chloropropyltriethoxysilane using sodium azide. The azido-
functionalized matrix 1 (GP-N3 or SBA-N3) was obtained by
condensing AzPTES onto the surface/pores of the silica matrix
via refluxing in toluene under argon. The FT-IR spectrum of
the azido-modified silica materials exhibited a strong peak at
approximately 2100 cm™, which is characteristic of the azide
group’s asymmetric stretching vibration (see Supporting
Information Figure S1). The presence of N; functionality was
also confirmed in both materials using BC solid-state NMR,
which detected a peak at 52.0 ppm corresponding to CH,Nj;
(see Supporting Information Figure S2).

The azido-modified porous matrixes were then added to the
propargyl alcohol through a CuAAC reaction to yield SBA15
silica or porous glass matrix 2 functionalized with Cu**-triazole
complexes inside its pores (Scheme 1).

This reaction was monitored via FT-IR (see Supporting
Information Figure S1) and solid-state NMR (see Supporting
Information Figure S2). The triazole stretch was hidden by the
bending vibration of the surface-adsorbed water at 1650 cm™}
however, the click reaction could be followed using the
disappearance of the azide stretching vibration at 2100 cm™" to
verify the complete conversion of the N3 groups into the
triazole functionalities. This reaction was also confirmed using
the signals at 120 and 150 ppm, which are characteristic of 1,4
disubstituted 1,2,3-triazoles in *C solid-state NMR.**

The quantity of grafted organic groups (Table 1) was
estimated using several techniques including TGA, carbon total,
and elemental analysis. The organic loading was approximately
0.09 mmol/g for the glass pearls (GP-triazole) and 0.18 mmol/
g for the porous silica (SBA-triazole).

The presence of a Cu*'-triazole complex attached within the
pores after the click reaction was confirmed by elemental
analysis, X-EDS (Supporting Information Figure S4), and EPR
spectroscopies (Supporting Information Figure SS). The EPR
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Table 1. Composition of the Triazole-Based Material and the
Corresponding Nanocomposites

nanocomposite (matrix 3)
CuFC loading (mmol/g)

0.005
0.021

triazole-based material (matrix 2)
organic loading (mmol/g)
0.088
0.183

glass pearl
SBA-15

spectrum of the sample GP-triazol obtained after the click
reaction is typical for powdered Cu*" axial complexes diluted in
hosts. The values of g-factors (g = 2.22 and g, = 2.05) are in
agreement with the previously reported results on the Cu®*
triazol complexes.”?

The intrapore growth of the cyano-bridged coordination
polymer networks beginning with the triazole complexes was
performed using a successive impregnation process adapted
from previously described procedures.'"*" Typically, the
nanoparticles were grown using five consecutive treatments
with a methanolic [N(C,H,),];[Fe(CN),] solution followed by
a methanolic Cu(BF,), solution. The material was washed with
methanol between each stage of the treatment. The
composition of the nanocomposites was determined from the
elemental analysis given in Supporting Information Table SI.

The Cu®*/[Fe(CN)4]*~ (CuFC) nanoparticle content was
estimated at 4.9% in the glass-based (GP-CuFC) and 21.2% in
the silica-based (SBA-CuFC) nanocomposites (Table 1). If the
surface available for loading the nanoparticles derives from the
mesoporous surface area (396 m*/g for silica and 113 m*/g for
glass), the nanoparticle loadings per m* for the two supports
are surprisingly similar: approximately 4.5 X 107* mmol of
Cu**/[Fe(CN)4]>/m? for the GP-CuFC and 5.2 X 10™* mmol
of Cu**/[Fe(CN)¢]*"/m? for the SBA-CuFC samples. Even
with a smaller surface area on the porous glass than on the
mesostructured SBA-1S silica, the nanoparticle loadings per
nm? remained close.

The nanoparticle growth was followed via FT-IR by
monitoring the CN™ stretching vibration mode. The spectra
of the nanocomposites exhibit two closed CN stretching
vibrations at 2173 and 2105 cm™" for the GP-CuFC and 2166
and 2108 cm™ for the SBA-CuFC material, corresponding to
the vibrations observed for the bulk Cu3[Fe(CN)4]2-13H20
powder (at 2172 and 2097 cm™") (see Supporting Information
Figure S3). Therefore, the formation of the bridging CN~
ligands confirms the formation of the PBA structure.”* The two
bands at 2175 and 2110 cm™" were attributed to the stretching
of the CN ligand bridged between the Cu®" and Fe’* in a
Cu®*—CN-Fe’* mode and to the linkage isomer with a Cu**—
NC—Fe* coordination mode, as reported for the parent bulk
cyano-bridged coordination polymer.*®

Powder X-ray diffraction (XRD) also provided information
regarding the grafted cyano-bridged coordination polymer
nanoparticles inside the matrixes (Figure 1). As compared to
the bulk materials, both nanocomposites exhibited phases
similar to those of the bulk Cu;[Fe(CN)4],-13H,0, revealing
the presence of the cyano-bridged coordination complexes in
these materials.

Relative to the bulk material, the nanocomposites exhibited
an intense reflection at 26 = 22°, which may be attributed to a
contribution from the silica. The CuFC particle sizes were
calculated to be approximately 9 and 8 nm for the GP-CuFC
and SBA-CuFC nanocomposites, respectively, using Scherrer’s
equation (see eq 1) and the reflections at 17° and 35°.
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Figure 1. XRD powder data for the CuFC glass pearl and SBA
nanocomposites as compared to the bulk Cus[Fe(CN)g],-13H,0.
Dotted line represents pattern file JCP2.2CA: 01-070-2702 (*K,SiF
impurities, pattern file JCP2.2CA: 00-007-0217).

The textural aspects of the nanocomposites were investigated
via scanning (SEM) and transmission electron microscopy
(TEM). The SEM observations revealed that the surface
characteristics of the pristine matrixes were not altered by the
nanoparticle growth. No significant modifications were
observed in the glass pearl or silica morphologies except that
their color changed from white to brown (Figure 2b).
Additionally, no bulk coordination polymer formed outside
the matrixes.

a)

b)

Figure 2. (a) TEM images and (b) an image of the GP-CuFC
nanocomposites.

TEM observations confirm the presence of the PBA
nanoparticles in the matrix pores. Typical images shown in
Figure 2a indicate that the ~6-nm spherical nanoparticles inside
the glass pores of the GP-CuFC are consistent with the particle
size estimated from the XRD analysis. Similarly, no aggregated
bulk cyanometallates were observed outside the glass pores in
the TEM images.

Comparing the nitrogen adsorption isotherms of the initial
triazole-functionalized materials indicates a decrease in the pore

dx.doi.org/10.1021/cm4029935 | Chem. Mater. 2013, 25, 4447—4453
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volume for the PBA nanoparticle-loaded material (Supporting
Information Table S2). However, the analysis suggests that no
pores in the materials were blocked and the porosity remained
accessible (the filled pores are visible in Figure 3). This
parameter is critical for materials designed for solid-phase
extraction.

0.8

0.6+

0.4

Vol abs (cm®/g)

—— GP-Triazole

02{ ——GP-CuFC

0.0 T T T T
0.25 0.50 0.75

PIP

0

Figure 3. Nitrogen adsorption isotherms for the GP-triazole (red) and
the related nanocomposites GP-CuFC (blue).

3.2. Removal of Cs from Contaminated Effluent.
Cesium adsorption experiments were performed to evaluate
the adsorption capacity and selectivity of the nanocomposites.
Three solutions were used. First, an aqueous solution
containing nonradioactive CsCl was used to estimate the
maximum adsorption capacity of the nanocomposite. Second,
an aqueous saline solution containing nonradioactive CsCl and
NaCl was used to determine the nanocomposite’s selectivity for
cesium. Finally, an aqueous saline solution containing radio-
active CsCl (**Cs-enriched seawater at 29 kBq/L, correspond-
ing to 6.7 X 10° mmol/L) was used to mimic “real”
conditions. A simple static “batch” method was used to
characterize the sorption properties of the nanocomposites.
The investigated solution and nanocomposites were shaken
together for 24 h before separation via filtration.

Several models have been used to describe the extraction of
dissolved ions by a solid, all of which are based on the
adsorption isotherms that quantify the species (Cs*) adsorbed
onto a solid (Q in mmol/g) versus the concentration of the
given species (Cs*) remaining in solution at equilibrium (C in
mmol/L).** The Langmuir model assumes that adsorption
occurs at structurally homogeneous sites and all sorption sites
are energetically identical:

LC
1+ LC 4)

in which Qu, is the maximum adsorption capacity that
describes the efficiency of the solid for removing cesium ions
from solution at or near saturation, and L is the Langmuir
constant related to the affinity of the binding sites. The free
energy of adsorption (AGy) can be determined using Q.. and
L as follows:

AGy = —RT In(Q, L)

Q=Q, +

)

The isothermal curves for both nanocomposites (GP-CuFC
and SBA-CuFC) are compared to that of the bulk (Figure 4) by
plotting the quantity of cesium adsorbed per gram of
nanoparticles as a function of the quantity of cesium remaining
in solution. The Langmuir model fits both nanocomposites
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Figure 4. Adsorption isotherms and the Langmuir model for the glass
and silica composites containing Cu®*/[Fe(CN)4]*>~ nanoparticles as
compared to bulk Cus[Fe(CN)¢],-13H,0.

well, confirming an isothermal chemisorption mechanism for
both.

The maximum adsorption capacities (Qu.) of nano-
composites obtained using the Langmuir model are 2.47 and
2.17 mmol/g nanoparticle for the silica and glass supports,
respectively. The similarity between these values suggests that
the nature of the support did not influence the Q. value.
These values are higher than that obtained for the bulk PBA
material (1.47 mmol/g).

The free energy of adsorption calculated using the Langmuir
model is negative in both cases, confirming that the Cs
adsorption is spontaneous and favorable. The obtained values
(=94 and —9.8 kJ/mol for the GP-CuFC and SBA-CuFC,
respectively) are practically equivalent, indicating that the
adsorption may be independent of the support.

In addition, the Langmuir free energy of adsorption for these
hybrid materials was 2 times lower than that obtained for the
bulk materials (—S kJ/mol).

The distribution coefficient (K (mL/g)) is a mass-weighted
partition coeflicient defined as the equilibrium ratio between
the quantities of cesium adsorbed onto the nanocomposite and
remaining in solution. The K; value was determined to evaluate
the selectivity of the nanocomposite for cesium when other
competitive ions, such as Na¥, K*, and Ca**, were p1'esent.26’27

The distribution coefficient was approximately 10* mL/g for
both materials and was obtained for both the nonradioactive
seawater and the radioactive seawater (Table 2). Therefore, the
nanocomposites exhibit a great affinity for Cs™ ions in
contaminated radioactive effluents, even with high sodium
concentrations (9.6 g/L). Similar values were obtained for the
bulk: K; > 10* mL/ g in seawater.

Table 2. Maximum Adsorption Capacity (Q,,,,) and the
Distribution Coefficient (K,) for the Nanocomposites and
Bulk Material

K, (mL/g)
CuFC Qunax K, (mL/g) radioactive
sorbent per nm’> (mmol/g of CuFC)  seawater” seawater’
GP- 0.027 247 1.1 x 10* 8.4 x 10°
CuFC
SBA- 0.031 2.15 5.8 X 10° 1.9 x 10*
CuFC

“The Cs* concentration is 0.1 mmol/L (13 ppm). “The Cs*
concentration is 29 kBq/L (6.7 x 107% mmol/L).

dx.doi.org/10.1021/cm4029935 | Chem. Mater. 2013, 25, 4447—4453
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Few results involving copper hexacyanoferrate loaded onto
inorganic supports have been published. The majority of the
published work regards nanocomposites containing PBA
included other types of hexacyanoferrate, such as Co or
Ni.'"?7?% However, the comparison is not relevant in this case
because the sorbent differs in nature.

For copper PBA, comparable distribution coefficients (10*—
10° mL/g) were reported by Milyutin et al.*® for different
composite materials (silica-, alumina-, or zirconia-based
materials loaded with copper hexacyanoferrate) under com-
parable conditions (C,(**’Cs) = 10 kBq L™ in alkaline solution
simulating the bottom residue from a nuclear power plant using
a WWER-type reactor over 48 h with a V/M equal to 2000
mL/g). Similarly, Tsuruoka et al.>* reported a K, of
approximately 5 X 10* mL/g for an adsorbent containing
copper ferrocyanides, diatomites, and carbon nanotubes under
different adsorption conditions with a much lower initial Cs
concentration (1.47 kBq/L). However, the distribution
coefficients obtained for our nanocomposites are lower than
those of Sangvanish et al,"" who used self-assembled copper
ferrocyanide on a mesoporous silica absorbent (K; &~ 1 X 10°
mL/g), but their result was obtained with a V/M of 2000 mL/g
and an initial Cs concentration of 0.5 ppm.

Therefore, as compared to the literature, this work obtained
competitive K4 values, even in saline solutions such as seawater.
The size of the glass pearl nanocomposites was between 200
and 500 pm, making them an ideal candidate for decontami-
nation in a continuous process, such as in a column or
cartridge. Moreover, because the pores of the glass-based
nanocomposites close after decontamination, these materials
should efficiently confine and store radioactive species.

4. CONCLUSION

In summary, the use of nanocomposites containning PBA
nanoparticles covalently linked to a silica-based matrix provides
a promising method for cesium ions decontamination. We
proposed a simple methodology to obtain such a nano-
composite via click chemistry by immobilizing a copper-triazole
complex covalently grafted inside the pores of a silica or glass
matrix. This complex was used as an anchoring point for
growing the Cu®*/[Fe(CN)¢]*~ nanoparticles. The silica-based
nanocomposites were used as a model to understand the
nanoparticle growth mechanism and the Cs* sorption, while the
glass-based nanocomposites were utilized for an efficient and
selective column decontamination of radioactive cesium.

The sorption experiments for the Cs* extraction were carried
out using different effluents such as pure water, seawater, and
simulated radioactive seawater from the Fukushima site. The
batch data revealed promising Ky results for the nano-
composites, which were close to those obtained from the
bulk PBA. The nanocomposite glass pearls were also designed
for insertion into cartridges to decrease the waste produced and
increase the efficiency. The experiments carried out with the
97Cs-enriched seawater demonstrated the potential for using
these nanocomposite materials in efficient column decontami-
nation processes.

In addition, the nanocomposite glass pearls containing
radioactive cesium may act as a confinement matrix because
the pores close after extraction.
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